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Frequency-stabilized cavity ring-down spectroscopy was used to study CO2 lineshapes in the
(20013) ← (00001) band centered near 2.06 μm. Two rovibrational transitions were chosen for
this study to measure non-Voigt collisional effects for air-broadened lines over the pressure range of
7 kPa–28 kPa. Lineshape analysis for both lines revealed evidence of simultaneous Dicke (colli-
sional) narrowing and speed-dependent effects that would introduce biases exceeding 2% in the
retrieved air-broadening parameters if not incorporated in the modeling of CO2 lineshapes. Ad-
ditionally, correlations between velocity- and phase/state changing collisions greatly reduced the
observed Dicke narrowing effect. As a result, it was concluded that the most appropriate line
profile for modeling CO2 lineshapes near 2.06 μm was the correlated speed-dependent Nelkin-
Ghatak profile, which includes all of the physical effects mentioned above and leads to a consis-
tent set of line shape parameters that are linear with gas pressure. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4900502]
INTRODUCTION
Current and upcoming remote sensing missions (in-
cluding NASA’s OCO-2 and ASCENDS) have necessitated
high-precision studies to retrieve accurate lineshape pa-
rameters in the 4ν2 + ν3 band [(20013) ← (00001)]
centered at 2.06 μm.1–3 The (20013) ← (00001) band, along
with two other bands, (20012) ← (00001) and (20011)
← (00001), form the Fermi triad of CO2 bands spanning
4700–5200 cm−1. Since these missions have set a target
precision of 0.25%, we studied non-Voigt lineshape effects
to achieve a reduction in uncertainties of the retrieved
spectroscopic parameters to below the 1% limit of the Voigt
profile (VP).4
It is well established from high resolution molecular
spectroscopy that the Voigt profile is inadequate to properly
describe high-precision measurements of CO2 lineshapes.5–13
Recently, Casa et al.10 used laser absorption spectroscopy
to measure CO2 lineshapes of the ν1 + 2ν2 + ν3 band
[(20012) ← (00001)] at 2.0 μm. By recording spectra with
high resolution (≈1 MHz) and high signal-to-noise ratios
(≈10000:1), they were able to resolve non-Voigt features.
However, the line profiles employed in their analysis – Voigt,
Galatry, Nelkin-Ghatak, speed-dependent Voigt, correlated
Galatry and Nelkin-Ghatak profiles – could not completely
model their spectra. More recently, Long et al.11 measured
a)Authors to whom correspondence should be addressed. Electronic ad-
dresses: tbui@caltech.edu; david.long@nist.gov; agata@fizyka.umk.pl;
and mo@caltech.edu.
the R(16) line from a tetrad CO2 band [(30012) ← (00001)]
near 1.6 μm and observed that both collisional narrowing and
speed-dependent effects are necessary to describe the line-
shape and reduce the fit residuals to the measurement noise
level. This necessity for simultaneous collisional narrowing
and speed-dependent effects was first demonstrated by Dug-
gan et al.14 for CO transitions. Similar observations were sub-
sequently made for many other systems, including HF + Ar,15
H2 + Ar,16 H2O + Xe,17 C2H2 + Xe,18 H2O + N2,19 and
more recently O2 + O2.20 This suggests a possible limitation
in the analysis by Casa et al.10 We extend this analysis to the
2.06 μm CO2 band region to reconcile these observations.
SPECTRUM ANALYSIS
The purpose of this experiment is to quantify the phys-
ical effects governing the lineshapes of CO2 in the (20013)
← (00001) vibrational band centered at 2.06 μm. The sim-
plest profile considered here is the Voigt profile, which is the
convolution of Gaussian (Doppler-broadened) and Lorentzian
(pressure-broadened) profiles. Moreover, the complex Voigt
profile (IVP) has been defined previously.21, 22 When colli-
sions with a perturber gas occur, other non-Voigt phenom-
ena can arise. The first effect is Dicke (collisional) narrow-
ing, which arises from velocity-changing collisions that effec-
tively reduce the Doppler broadening contribution.23 Rautian
and Sobelman24 incorporated Dicke narrowing by treating
velocity-changing collisions as a combination of soft and
hard collisions. Furthermore, assuming limiting cases that
0021-9606/2014/141(17)/174301/10/$30.00 © 2014 AIP Publishing LLC141, 174301-1
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collisions are either soft or hard gives rise to the Galatry25
(GP) and Nelkin–Ghatak26 (NGP) profiles, respectively. The
soft-collision model treats absorber motion as a diffusional
process, whereas the hard collision model assumes a com-
plete loss of velocity memory of the absorber after collisions.
Although this assumption from the latter is non-physical, it
results in the following convenient analytic form of the NGP
in terms of the VP given by24, 26
INGP(u) =
IVP
∗(u)
1 − πzIVP∗(u)
, (1)
where u = (ω − ω0)/ωD is the reduced frequency, z =
νopt/ωD is the reduced effective frequency of the velocity-
changing collisions, νopt, and IVP∗ is IVP with the Lorentzian
frequency halfwidth Γ (half width at half maximum –
HWHM) expressed by a reduced variable g = Γ /ωD replaced
by g + z, following the notation from Ref. 23. ωD is related to
the Doppler frequency halfwidth, Γ D (HWHM), by the equa-
tion ΓD = ωD
√
ln2. In both the GP and NGP profiles, the rel-
evant variable for fitting is the collisional narrowing param-
eter, β, which is a function of pressure, p, in terms of the
collisional narrowing frequency νopt: β(p) = νopt/p. It is im-
portant to note that both the GP and NGP profiles assume un-
correlated collisional perturbations (i.e., the collisions affect
either molecular dephasing or velocity changes, but not both
simultaneously).27, 28
In addition to collisional narrowing (which causes sym-
metric changes in the lineshape if correlations between de-
phasing and velocity-changing collisions are neglected), col-
lision time asymmetry29–31 (which occurs when collisions
are not treated as instantaneous) and line mixing32, 33 can
introduce dispersion asymmetry in the lineshape center and
near wings.34 Finally, one must also consider the influ-
ence of speed-dependence of collisional broadening and line
shifting on the resulting lineshape.35–37 This effect gener-
ally causes a narrowing of the pressure-broadened line pro-
file in addition to line asymmetry caused by speed depen-
dence of line shifting. When such speed-dependent effects are
considered, either the speed-dependent Voigt35 (SDVP, Eq.
(2)), speed-dependent Galatry (SDGP),38 or speed-dependent
Nelkin-Ghatak39 (SDNGP, Eq. (3)) profiles are commonly
used. Importantly, the SDGP and SDNGP include collisional
narrowing, whereas the SDVP does not. The SDVP and
SDNGP are given by40
ISDVP(u) =
2
π3/2
∞∫
−∞
dxe−x
2
x
(
arctan
[
u − dBS(x) + x
gBW(x)
]
+ i
2
ln
{
1 +
[
u − dBS(x) + x
gBW(x)
]2})
, (2)
and
ISDNGP(u) =
ISDVP
∗(u)
1 − πzISDVP∗(u)
. (3)
In Eq. (2) d = /ωD is the reduced collisional shift, ,
and BS(x) and BW(x) are dimensionless functions for the re-
duced speed-dependent shifts and widths, respectively, and x
is the reduced absorber speed (the ratio of the actual to the
most probable speed). It was previously shown that if the
interaction potential for the absorber-perturber pair is given
by an inverse power relationship, C/rq, the expressions for
BS(x) and BW(x) can be written in terms of confluent hyper-
geometric functions.35, 36 A common quadratic approximation
is used to simplify these reduced speed-dependent functions
with respect to the speed-dependent width and shift param-
eters (aW and aS, respectively, which are also used as fitted
parameters),41, 42 shown more explicitly as
BW(x) =
(vA)

= 1 + aW
(
x2 − 3
2
)
BS(x) =
(vA)

= 1 + aS
(
x2 − 3
2
) . (4)
Here, Γ (vA) and (vA) are the collisional widths and
shifts as a function of absorber velocity, vA. One may eas-
ily show that for systems containing more than one perturber,
total reduced speed-dependent functions BW(x) and BS(x) are
also given in the quadratic form. In this case, the aW and aS
parameters for a gas mixture are weighted averages of the cor-
responding parameters for individual perturbing gases.43
Finally, when correlations between velocity-changing
and dephasing collisions24 are important, a partially corre-
lated speed-dependent profile (pCSDNGP), introduced by
Pine15 can be used. This profile, IpCSDNGP(u), is expressed
in the same way as Eq. (3),44 but differs in the definition
of the complex narrowing parameter, νopt.24, 27, 45–47 In the
IpCSDNGP(u), νopt is given by νopt = νdiff − ηΓ − iη
= Re(νopt) + iIm(νopt), where the velocity dependence of Γ
and  parameters was neglected.27 νdiff is the frequency of
velocity-changing collisions calculated from the mass diffu-
sion coefficient. The real and imaginary parts of νopt are des-
ignated as Re(νopt) and Im(νopt), respectively. The correlation
parameters, η and η, correspond to collisional broadening
and shifting, respectively. In the case of no correlation, ηΓ
and η parameters are equal to zero and νopt = νdiff.
For the CO2-air system probed in this experiment, the
ratios of the perturber (O2 and N2) to absorber (CO2) mass
are mO2/mCO2 = 0.73 and mN2/mCO2 = 0.64; therefore, the
absorber is only slightly heavier. Using the diffusion coeffi-
cient of CO2 in air D = 0.159 cm2 s−1 (p = 101.325 kPa, T
= 296 K),48 the mean-free-path of CO2 can be calculated as
lmfp = 3D/v¯, where v¯ is the relative mean velocity of the
perturber-absorber pair. For T = 296 K, p = 26.7 kPa,
the mean-free-path of CO2 is calculated to be lmfp = 0.341
μm, which is much smaller than the optical wavelength of
2.06 μm. This suggests that collisional narrowing must also
be considered. To facilitate studies of isolated lineshapes,
measurements were made at sufficiently low pressures (i.e.,
7 kPa–28 kPa) such that line mixing effects could be ne-
glected. Nevertheless, all other stated effects are accessible
in this pressure range.
EXPERIMENT
Measurements were performed using a 2.06 μm
frequency-stabilized cavity ring-down spectrometer (FS-
CRDS) located at the California Institute of Technology (see
Fig. 1(a)). The spectrometer is based on the design of Hodges
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FIG. 1. (a) Schematic of the 2.06 μm frequency-stabilized cavity ring-down spectrometer. OI = optical isolator, PD = photodiode, AOM = acousto-optic
modulator, DDG = digital delay generator. 2.06 μm light is injected into a fiber-coupled AOM and subsequently free-space coupled into the ring-down cavity.
Once the transmitted light intensity reaches a threshold, a DDG shuts off the light to initiate the ring-down. Light from a frequency-stabilized HeNe laser is
counter-propagated through the cavity and is used to stabilize the cavity’s length. (b) Allan deviation plot for the 2.06 μm FS-CRDS spectrometer. The x-axis
displays the number of ring-down traces (acquired at an acquisition rate of ≈20 Hz), nd, at a given frequency. The y-axis gives the Allan deviation corre-
sponding to the baseline losses. For typical experimental conditions, 100 ring-down traces were acquired, corresponding to a minimum detectable absorption of
≈4 × 10−10 cm−1.
et al.49–51 Briefly, the ring-down cavity was actively locked to
a temperature-stabilized HeNe laser with an optical frequency
stability of 100 kHz (8 h). The probe laser was a distributed-
feedback diode laser (≈3 mW power) centered at 2.055 μm.
The fiber-pigtailed output was sent through a fiber-optic iso-
lator and then into a fiber-coupled acousto-optic modulator
(AOM). The 1st order output from the AOM was free-space
coupled via a single focusing lens (f = 500 mm) into the
ring-down cavity. The 0th-order output was free-space cou-
pled into a wavelength meter with a standard uncertainty of
30 MHz. Light exiting the ring-down cavity was focused onto
an adjustable-gain, extended InGaAs detector with a maxi-
mum bandwidth of 1 MHz.
For these experiments, the ring-down mirrors had
dichroic coatings: reflectivity R ≈ 99.99% at 2.06 μm, cor-
responding to a vacuum finesse of ≈31 000, and R ≈ 95%
at 0.633 μm. As many as 100 ring-down traces of τ ≈ 26
μs were acquired using a fast fitting algorithm52 at a rate of
20 Hz–30 Hz and averaged at each wavelength, correspond-
ing to a minimum detectable absorption coefficient of ≈4
× 10−10 cm−1 (see Fig. 1(b)). The cavity’s free spectral range
(FSR) was measured by the method of Lisak and Hodges53 to
be 203.890(82) MHz. This pressure-corrected value sets the
frequency spacing between the spectrum data points.
The gas sample was composed of CO2 in air with a mix-
ing ratio of ≈90 μmol mol−1 at pressures of 7 kPa–27 kPa
as measured by a capacitance manometer (full-scale range
of 133.32(13) kPa). The air content contained 20.9% oxy-
gen with the remainder being nitrogen. The cavity tempera-
ture was monitored by a 2.252 k thermistor and displayed
short-term (i.e., the time required to record a single spectral
line) fluctuations less than 100 mK. All measurements were
performed within the temperature range of 295.4 K–296.1 K.
Since this value is close to the HITRAN reference tempera-
ture of Tref = 296 K,54 the uncertainties in the temperature
corrections to the air-broadening coefficients were negligible
compared to the fit uncertainties.
RESULTS AND DISCUSSION
In this section we present the results from a thorough
lineshape analysis for two selected air-broadened lines from
the (20013) ← (00001) CO2 band centered near 2.06 μm,
specifically the R(24) line at 4871.791 cm−1 and the R(30)
line at 4875.749 cm−1. The CO2-air mixture pressure range
was 48.1–210 Torr (6.5–28 kPa) for the R(24) line and 48.1–
180.3 Torr (6.5–24 kPa) for the R(30) line. The R(30) line was
chosen because it is a potential target for the ASCENDS3 mis-
sion, while the R(24) line is more ideal for lineshape analysis
because of its isolation from isotopic interferences. The two
selected lines are shown in Fig. 2. Note that for the R(30) line
at 4875.749 cm−1, a 13CO2 isotopologue in the right wing
presents the main interference with a line intensity that is
6.2% of the main isotopologue transitions.54
Beyond the normally used Voigt profile, we have incor-
porated into our lineshape analysis more advanced profiles
that take into account line narrowing effects as well as line-
shape asymmetries. For each of the fits, the Doppler widths
were calculated from the known temperature around 296 K
and were held fixed. In addition, the collisional shifts were
set to the HITRAN201254 values found in Table I. Residu-
als from the single-spectrum fit analysis for the different line-
shape models are presented in Fig. 2 for four intermediate
pressures. The VP gives the worst fit with the residuals ex-
hibiting a large systematic feature indicative of line narrow-
ing. Upon including Dicke narrowing (i.e., the GP and NGP
fits), the large residuals observed with the VP disappear. Sim-
ilar results were obtained for the SDVP fit which uses a dif-
ferent mechanism of line narrowing, namely, the speed de-
pendence of collisional broadening. For a better comparison
of the fit results provided by the different lineshape models,
we introduced a quality of fit factor for multi-spectrum fits,20
QFmulti, defined as the ratio of the peak absorption signal
for the spectrum having the highest absorption, Maxj{αmax,j
− αmin,j}, to the standard deviation ˜SR
multi
of the fit residuals
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FIG. 2. Four representative single spectrum fits for the R(24) and R(30) transitions using a variety of line profiles. The upper panel shows the measurement and
the corresponding single-spectrum fit using the SDNGP. The bottom five panels show the fit residuals for the VP, GP, NGP, SDVP, and SDNGP, respectively. The
black and red residuals presented for the SDVP and SDNGP fits are with (aS = 0) and without (aS = 0) the speed dependence of collisional shifts, respectively.
δν on the x-axis corresponds to the frequency detuning from line centers in GHz.
calculated from all of the spectra included in the multi-
spectrum fit:
QFmulti =
Maxj {αmax,j − αmin,j }
˜SR
multi
. (5)
In the above expression, αmax,j is the maximum absorp-
tion coefficient and αmin,j is the baseline level of the ab-
sorption spectrum for the jth spectrum. ˜SR
multi
is the standard
deviation of the fit residuals calculated from the formula
˜SR
multi
=
√√√√√ 1∑N
j=1 Mj − k
N∑
j=1
M
j∑
i=1
[αexp(νji) − αfit(νji)]2,
(6)
where N is the number of spectra taken included in the multi-
spectrum fit, Mj is the number of points in the jth spectrum
(j = 1, . . . , N) and ∑Nj=1 Mj − k is the total number of de-
grees of freedom with k lineshape parameters fitted in the
multi-spectrum fit procedure. The terms αexp(ν ji) and αfit(ν ji)
are experimental and fitted absorption coefficients, respec-
tively, for the ith measurement point in the jth spectrum.
Based upon the residuals from single-spectrum fits, we
observed that Dicke narrowing and speed-dependent effects
describe the narrowing mechanism of the CO2 lineshapes
equally well. In addition, under conditions of low and in-
termediate ratios of the collisional width, Γ , to the Doppler
width, Γ D, the lineshape affected by the speed dependence
of collisional broadening can often be well modeled by the
Dicke narrowed profile.41, 55 Unfortunately, this treatment
leads to a nonlinear pressure dependence of the narrowing
parameter Re(νopt)14, 56, 57 in this intermediate case (i.e., 1
< Γ /Γ D < 5). This nonphysical result can be seen in the
R(24) NGP fit shown in Fig. 3(a).
On the other hand, a reduction of the observed aW pa-
rameter with pressure in the SDVP fits, presented in Fig. 3(b),
suggests that Dicke narrowing also contributes to the shape
of both the R(24) and R(30) lines. Consequently, the data
were also analyzed with the SDNGP, which includes both of
these narrowing effects. Residuals from this single-spectrum
TABLE I. Lineshape parameters for the R(24) and R(30) lines obtained from the pCSDNGP multi-spectrum fit analysis at Tavg = 295.72 K. Line positions, ν0,
and collisional shift coefficients, /p, used in the data analysis are taken from measured values by Toth et al.,69, 70 which are found in the HITRAN database.
The stated uncertainties of the lineshape parameters arise from the uncertainty in the fit. The correlation parameters, η

and η
 ,
obtained from the pCSDNGP
profile are stated in the text.
Line ν0 (cm−1) HITRAN /p (cm−1/atm) HITRAN 2Γ /p (cm−1/atm) Re(νopt)/p (cm−1/atm) Im(νopt)/p (cm−1/atm) aW aS
R(24) 4871.791 674 −0.005 683 0.074 682(33) 0.001 34(60) 0.002 90(40) 0.0799(21) 0.2080(170)
R(30) 4875.748 732 −0.005 859 0.0731 29(33) 0.002 48(18) − 0.000 10(30) 0.0786(13) 0.0750(140)
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FIG. 3. Pressure dependence of the frequency of optical collisions, Re(νopt), and speed-dependence parameter, aW, parameter obtained for the R(24) line
from the NGP, GP, and SDVP single-spectrum fits, respectively. The green line is the frequency of optical collisions, νdiff, calculated from the mass diffusion
coefficient. The blue line is a linear fit to data. Note that the given error bars arise only from the uncertainty in the fit, and that the additional scatter in the data
is from instrumental effects.
fit analysis with the SDNGP are presented in Fig. 2, and are
similar to those obtained when using the GP, NGP, and SDVP.
Moreover, we noticed that the incorporation of the speed de-
pendence of collisional shifting (which describes lineshape
asymmetry) into the fits with the SDNGP and SDVP led to a
further improvement of the residuals.
It should be noted, however, that flat residuals obtained
from these single-spectrum fits do not guarantee proper in-
terpretation of the lineshape effects in the measured spectra.
Systematic instrumental errors may affect the shape of the in-
vestigated lines and can be well masked by nonlinear pres-
sure dependencies of the fitted lineshape parameters as well
as lineshape asymmetries. Also in the case of relatively com-
plex profiles like the SDNGP, numerical correlations between
the different lineshape parameters can become important and
lead to a large scatter in the obtained results. It will be shown
later that a multi-spectrum fit analysis58 helps to overcome
these problems.59, 60
We note that the choice of line profile not only affects
the fit residuals but also has a strong effect upon the result-
ing fitted parameters. In Fig. 4 deviations in the collisional
widths and areas obtained for the R(24) and R(30) lines from
the single-spectrum fit analysis with the VP, GP, NGP, and
SDVP relative to the SDNGP are shown. The VP fit differs
by as much as 5% and 1.2% from the SDNGP for the col-
lisional width and area, respectively. The maximum devia-
tions of the GP, NGP, and SDVP from the SDNGP for the
collisional widths and areas are of the order of 0.7% and
0.2%, respectively. Moreover, the VP fit results do not con-
verge with the other profiles even at high pressures, which
indicates that the VP is not suitable for high accuracy mea-
surements. This finding is consistent with previous observa-
tions by Long et al.11 for CO2 lines near 1.6 μm as well as for
other systems.16, 19, 57, 59, 61, 62
As shown in Fig. 2, the single-spectrum fit analysis with
the SDNGP can reproduce the investigated spectra down to
the instrument noise level. However, the large scatter in the
fitted values for the Re(νopt) and aW parameters presented in
Fig. 6 indicate that they may be correlated. This competi-
tion of speed dependence of collisional broadening with col-
lisional narrowing, particularly at low pressures, has been
reported in a number of previous studies.11, 17–19, 41, 55
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FIG. 4. Pressure-dependent integrated area and air-broadened collisional width ratios of the VP, GP, NGP, and SDVP to the SDNGP, denoted as A/ASDNGP and
Γ /Γ SDNGP, respectively. Both the R(24) and R(30) lines are shown. The error bars arise from the uncertainty in the fit.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.215.70.231 On: Mon, 10 Nov 2014 15:48:51
174301-6 Bui et al. J. Chem. Phys. 141, 174301 (2014)
1
2
3
4
5
6
(cτ
)-1  
[10
-
6  
cm
-
1 ]
-40
0
40
-8
0
8
-8
0
8
-8
0
8
-8
0
8
R
es
id
u
a
ls
(10
-
9  
cm
-
1 )
210 Torr 155.8 Torr 95.4 Torr 48.1 Torr
Multi-spectrum fits - R(24) line
-8
0
8
VP
SDNGP
GP
NGP
SDVP
pCSDNGP
QFmulti = 802
QFmulti = 2828 (2695)
QFmulti = 2293
QFmulti = 2364
QFmulti = 2864 (2702)
QFmulti = 2893 (2798)
-12 -8 -4 0 4 8 -8 -4 0 4 8 -8 -4 0 4 8 -8 -4 0 4 8
δν (GHz)
1
2
3
4
(cτ
)-1  
[10
-
6  
cm
-
1 ]
-40
0
40
-8
0
8
-8
0
8
-8
0
8
-8
0
8
R
es
id
u
a
ls
(10
-
9  
cm
-
1 )
180.3 Torr 127.8 Torr 95.4 Torr 48.1 Torr
Multi-spectrum fits - R(30) line
-8
0
8
VP
SDNGP
GP
NGP
SDVP
pCSDNGP
QFmulti = 684
QFmulti = 2669 (2535)
QFmulti = 2252
QFmulti = 2322
QFmulti = 2689 (2582)
QFmulti = 2688 (2675)
-8 -4 0 4 8 -8 -4 0 4 8 -8 -4 0 4 -8 -4 0 4 8
δν (GHz)
FIG. 5. Four representative multi-spectrum fits for the R(24) and R(30) transitions using a variety of line profiles. The upper panel shows the measurement and
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black and red residuals presented for SDVP, SDNGP, and pCSDNGP fits are with (aS = 0) and without (aS = 0) the speed dependence of collisional shifts,
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A solution to remove correlation between the Re(νopt)
and aW parameters is to incorporate a multi-spectrum fit
procedure58 into the lineshape analysis.44, 59, 60, 63, 64 There-
fore, we performed simultaneous fits to the nine spectra from
6.5–28 kPa for the R(24) line and eight spectra from 6.5–
24 kPa for the R(30) line with a few necessary constraints.
First, the collisional widths and frequencies of optical colli-
sions were constrained to be linear with pressure according
to the relations Γ (p) = γ p and νopt(p) = βp, where γ and β
are the collisional broadening and collisional narrowing co-
efficients, respectively, fitted in the multi-spectrum analysis.
Moreover, in the case of the speed-dependent profiles, singu-
lar values for the aW and aS parameters were fitted for all pres-
sures to assure their pressure independences. Due to the small
fluctuations of CO2 concentration in the CO2-air mixture, the
spectral areas were fitted individually for each pressure.
Figure 5 shows the representative residuals from the
multi-spectrum fit analyses for the R(24) and R(30) lines.
Similar to the single-spectrum fit analysis, the VP gave the
worst results. However, contrary to the single-spectrum anal-
ysis, the fits residuals for the profiles which describe different
mechanisms of line narrowing are now distinguishable. Com-
paring the QFmulti for the GP and NGP, it appears that the
soft collision model better describes the line narrowing ef-
fect for both investigated lines. On the other hand, the large
improvements in the QFmulti for the SDVP without the speed
dependence of collisional shifting (aS = 0) by as much as
12% and 8% for the R(24) and R(30) lines, respectively, com-
pared to the GP suggest the dominant contribution of speed
dependence of collisional broadening into the total narrow-
ing of these lines. It was also observed that the incorpora-
tion of Dicke narrowing improves the QFmulti compared to
the SDVP (with aS = 0). In addition, the incorporation of
the speed dependence of collisional shifting in the SDVP and
SDNGP analysis improved the residuals and led to a further
increase of the QFmulti. However, the contribution of speed-
dependent asymmetry into the shape of the R(24) and R(30)
lines appears to be weaker for the multi-spectrum fits than for
the single-spectrum ones.
A comparison of the differences between the QFmulti im-
provements obtained from SDNGP fits with (aS = 0) and
without (aS = 0) speed-dependent asymmetry in the case
of the single- and multi-spectrum fit analysis gave the fol-
lowing results: 15% and 7% for the R(24) line and 7% and
4% for the R(30) line, respectively. These differences sug-
gest that the observed lineshape asymmetry is caused par-
tially by instrumental effects and is integrally simulated by the
speed-dependent asymmetry in the single-spectrum fit analy-
sis. Note also that the asymmetry differences between single-
and multi-spectrum fits are larger for the R(24) line, which are
attributed to a larger contribution of instrumental errors to the
total line shape.
As previously shown by Lisak et al.,63 the utility of
multi-spectrum fitting in advanced lineshape analysis can be
demonstrated from a simple test of the fitted parameters. From
Fig. 6, the large pressure variations of the Re(νopt) and
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FIG. 6. A test of the multi-spectrum fit parameters for Re(νopt) and aW. The black points represent the parameter values obtained from the SDNGP single-
spectrum fit analysis. Numerical correlations between Re(νopt) and aW parameters are evident from the large scatter. The red dashed lines are the Re(νopt) and
aW values yielded by the SDNGP multi-spectrum fit. The blue diamonds in graph (a) correspond to Re(νopt) from the SDNGP multi-spectrum fit. The blue
diamonds in graph (b) correspond to aW parameters fitted individually for each pressure in the SDNGP single-spectrum fit analysis when Re(νopt) is constrained
to the value from the SDNGP multi-spectrum fit. The green solid line is the frequency of optical collisions νdiff calculated from the mass diffusion coefficient.
48
aW parameters for the R(24) line are suggestive of strong
numerical correlations between them. The black points cor-
respond to the parameters obtained from the SDNGP single-
spectrum fits with Re(νopt) and aW both fitted. The straight
dashed lines are the Re(νopt) and aW values obtained from the
SDNGP multi-spectrum fit. The blue diamonds in Fig. 6(b)
correspond to single-spectrum fits of the SDNGP in which the
Re(νopt) was constrained to the value from the multi-spectrum
fit and aW was fitted individually for each pressure. Conse-
quently, the fitted aW is expected and observed to be nearly
pressure-independent. Moreover, the large scatter in the fitted
values of aW and their uncertainties are significantly reduced.
Therefore, the additional constraints provided by the multi-
spectrum fitting procedure was necessary to properly treat the
correlations between the Re(νopt) and aW parameters.
The green solid lines plotted in Figs. 3(a) and 6(a)
correspond to the frequency of velocity-changing colli-
sions calculated from the mass diffusion coefficient48 (νdiff
= 5.5 kHz/Pa). By comparing the νdiff and Re(νopt)
values, one may estimate the contribution of correlation be-
tween velocity- and phase-changing collisions (v-p correla-
tions) into the lineshapes of the investigated CO2 lines. In
Fig. 3(a), the Re(νopt) values obtained from NGP single-
spectrum fits agree with νdiff for pressures up to 12 kPa. This
incidental agreement can suggest that there is no need for in-
clusion of v-p correlations or speed dependence of collisional
broadening for the R(24) line. However, such conclusion can
be incorrect as first shown by Duggan et al.61 for CO lines. We
have already shown that the NGP is inadequate for modeling
the data, and that the speed dependence of collisional broad-
ening has a much greater contribution to the total narrowing of
lineshapes than the Dicke narrowing effect. Moreover, the re-
trieved value of the Re(νopt) from the SDNGP multi-spectrum
fit, presented in Fig. 6(a) as the red dashed line, is almost
one order of magnitude smaller than νdiff. This is indicative of
v-p correlations for the R(24) line. Similar conclusions were
drawn for the R(30) line.
Correlations between phase- and velocity-changing
collisions (v-p correlations) are another source of lineshape
asymmetry and cannot be ignored when asymmetry has
been observed. To properly account for v-p correlations, we
performed the multi-spectrum fit analysis with the partially
correlated SDNGP (pCSDNGP) for both investigated lines.
The residuals and QFmulti values from the pCSDNGP fits
are presented in Fig. 6 and are observed to be similar to
those obtained from the SDNGP analysis. It should be noted
that both mechanisms of lineshape asymmetry, namely, the
speed dependence of collisional shifting and v-p correlations,
were considered in the presented fits. A comparison of
the QFmulti factors for the pCSDNGP with (aS = 0) and
without (aS = 0) speed-dependent asymmetry shows that the
speed-dependent asymmetry can be well simulated by the
v-p correlation asymmetry. To quantify the contribution of
the v-p correlations into the total narrowing and asymmetry,
we calculated the correlation parameters, ηΓ and η, based
on the νdiff value and pCSDNGP multi-spectrum parameters
of Re(νopt), Im(νopt), Γ , and . The results are ηΓ = (0.231
± 0.008), η = (0.51 ± 0.12) for the R(24) line and ηΓ
= (0.2202 ± 0.0024), η = (−0.024 ± 0.051) for the R(30)
line. The small relative uncertainties of the ηΓ parameters of
about 3% and 1% for the R(24) and R(30) lines, respectively,
confirm the occurrence of v-p correlations in the shape
of investigated CO2 lines. Moreover, a small value for η
obtained for the R(30) line suggests that there is minimal v-p
correlation asymmetry for this line. This is also confirmed
by a relatively small difference between QFmulti obtained
from the pCSDNGP analysis with (aS = 0) and without
(aS = 0) speed-dependent asymmetry. On the other hand, the
η value for the R(24) line is surprisingly high. However, the
slightly worse residuals obtained for the R(24) line indicate
that additional lineshape asymmetry may be introduced by in-
strumental errors. It should be noted that the collisional shift,
, is a much smaller effect than collisional broadening Γ ;
therefore, a quantitative analysis of Im(νopt) and aS is more
challenging experimentally than analysis of Re(νopt) and aW.
A test of the multi-spectrum fit parameters of Im(νopt)
and aS describing v-p correlations and speed-dependent
asymmetries, respectively, is demonstrated in Fig. 7. The
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FIG. 7. A test of the multi-spectrum fit parameters Im(νopt) and aS. The black points are the parameters obtained from the pCSDNGP single-spectrum fit
analysis. Numerical correlations between the Im(νopt) and aS parameters in the single-spectrum fits are evident from the large scatter. The red dashed lines are
the Im(νopt) and aS values yielded by the pCSDNGP multi-spectrum fit. The blue diamonds in graph (a) correspond to Im(νopt) from the pCSDNGP multi-
spectrum fit. The blue diamonds in graph (b) correspond to the aS parameters fitted individually for each pressure in the pCSDNGP single-spectrum fit analysis
where Im(νopt) is constrained to the value from the pCSDNGP multi-spectrum fit.
black points show the fitted Im(νopt) and aS values obtained
from the pCSDNGP single-spectrum fits. The large scatter
suggests that they are correlated. The red dashed lines are
the Im(νopt) and aS values obtained from the pCSDNGP
multi-spectrum fit. The blue diamonds in Fig. 7(b) corre-
spond to single-spectrum fits of the pCSDNGP in which the
Im(νopt) was constrained to the value from the pCSDNGP
multi-spectrum fit, and aS was fitted for each pressure. In ad-
dition, we constrained the pressure dependence of Re(νopt)
and the pressure independence of aW, and we fixed their val-
ues to those obtained from the pCSDNGP multi-spectrum fit.
As observed before, the fitted aS are nearly independent on
pressure and the scatter in the fitted values of aS is greatly
reduced when Im(νopt) is constrained to the value from the
multi-spectrum fit. The recommended parameters describing
the shape of the R(24) and R(30) lines, obtained from the pCS-
DNGP multi-spectrum fits, are assembled in Table I.
Comparisons of the integrated line areas per unit pres-
sure and the collisional air-broadening coefficients retrieved
from the multi-spectrum fit analysis with the use of differ-
ent lineshape models in relation to the pCSDNGP are pre-
sented in Fig. 8. The VP differs from the pCSDNGP by 0.6%
and 2% for the line area and collisional broadening coeffi-
cient, respectively. The GP, NGP, and SDVP differ from the
pCSDNGP by less than 0.1% for the line area. However, for
the Γ values, the GP and NGP results differ by more than
0.6% from the pCSDNGP, whereas for the SDVP the dif-
ference is only about 0.1%. The areas and collisional broad-
ening coefficients obtained from the SDNGP are very close
to those retrieved from the pCSDNGP. It should be noted
that collisional air-broadening coefficients given in the HI-
TRAN2012 database are systematically lower by almost 6%
and 2% compared to values obtained from pCSDNGP and VP
fits, respectively. Note that the error bars presented in Fig. 8
arise from the uncertainty in the fit. Moreover, the large error
bars of Γ /Γ pCSDNGP for the HITRAN2012 case correspond
to a reported 2% relative uncertainty of the collisional air-
broadening coefficient. Finally, observed fluctuations of the
CO2 concentration in the CO2-air mixture measurements are
responsible for the large uncertainty of area per unit pressure
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coefficient and also for the large error bars of A/ApCSDNGP for
all of the investigated lineshape models.
CONCLUSIONS
A lineshape analysis of two air-broadened rovibrational
CO2 transitions near 2.06 μm was performed with spectra
recorded with a frequency-stabilized cavity ring-down spec-
trometer. Two main line narrowing mechanisms – velocity-
changing collisions and the speed dependence of collisional
broadening – were identified in the total lineshape. To quan-
tify the individual contribution from both narrowing effects
and remove their correlation, the multi-spectrum fit technique
was incorporated into the SDNGP lineshape analysis. In ad-
dition, a noticeably smaller value of the frequency of op-
tical collisions retrieved from the SDNGP multi-spectrum
fit compared to the value calculated from the mass diffu-
sion coefficient revealed evidence of correlations between the
phase- and velocity-changing collisions for both the R(24)
and R(30) transitions. Moreover, small asymmetries in the
lineshapes were also observed. However, this asymmetry
can be equally well ascribed to either the speed depen-
dence of collisional shifting or to the correlations between
phase- and velocity-changing collisions. Consequently, we
concluded that the partially correlated SDNGP (pCSDNGP)15
profile is the most appropriate model considered here to re-
produce the experimental lineshapes at a high quality level.
Experimental tests of pCSDNGP have also recently been
reported for O244 and H2O.65 Furthermore, efficient algo-
rithms for calculating the pCSDNGP line profile have been
developed28, 66, 67 and is strongly recommended for model-
ing lineshapes in the spectrally isolated regime.68 We note
that an alternative nomenclature in the literature for the
same pCSDNGP profile used here is the partially corre-
lated speed-dependent hard-collision profile.65 In the case
of quadratic speed-dependence, the following names were
used as well: partially correlated quadratic-speed-dependent
hard-collision profile (pCqSDHCP),28, 66–68 partially corre-
lated quadratic-speed-dependent Nelkin-Ghatak profile,43 and
Hartmann-Tran profile (HTP).68
Experimental data were also fitted with the commonly
used VP. However, we showed that it is not sufficient for
modeling CO2 transitions with the accuracy and precision
demanded in remote sensing applications. We noticed 2%
and 4% biases introduced by the VP in the retrieved air-
broadening parameters compared to the values obtained from
the recommended pCSDNGP and HITRAN2012 database.
Moreover, it is interesting and remarkable that lineshape
models incorporating only the Dicke narrowing effect (GP,
NGP) provide systematically lower values of collisional
air-broadening coefficients by about 0.6% compared to
pCSDNGP. Finally, we acknowledge the necessity of more
comprehensive lineshape models that incorporate collisional
line-mixing at higher pressures for utility of the broader
remote sensing community.
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